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Bridges are indispensable structures for crossing rivers, bays
and other railway or highway lines, while sometimes they also
become man-made obstacles against water flow or traffic under-
neath. With the rapid expansion of the infrastructure network in
the past decades, more crossings are generated being the cause
of many bridge collapse accidents due to vessel, vehicle and other
collisions [1–4].
The factors producing bridge collapses can be divided into two
categories: man-made and natural. The man-made factors include
design faults, construction mistakes, collisions (by vessels, auto-
mobiles and trains), overload, etc. The natural factors include
earthquakes, water flow (flood, scouring, etc.), wind, collisions
(by floating floes or other objects), environmental deterioration
(temperature, corrosion, etc.), etc. According to the statistics by
Dong et al. [2] based on 502 bridge collapse accidents in 66
countries, there were 91 caused by various collisions (by vessels
56, trucks and trains 33, ice-floes 2). Only preceded by
earthquakes, collisions constitute 18% of the total bridge collapses,
as shown in Fig. 1. A similar investigation by Wardhana and
Hadipriono [3] on 503 bridge collapses in the United States from
1989 to 2000 indicated that the most frequent causes of bridge
failure were attributed to floods and collisions. Collisions fromtrucks, barge/ships and trains were responsible for 11.73% of the
total bridge failures. A review by Hartik et al. [4] on 114 bridge fail-
ures in the United States over a 38-year period (1951–1988)
showed that 17 events (15%) of them were due to truck collisions.
These statistical data show that collision has become one of the
leading causes for bridge failures.
When a collision load acts on a bridge pier or a girder, it may
cause dislocation of bearings and girders, uneven deformation or
fracture of expansion joints and even collapse of girders, resulting
in serious accidents, as studied by many researchers [5–8]. For
high-speed railway bridges, however, even if there is no girder col-
lapse, the vibrations and displacements induced by the collision
may deform the track and make it unstable. When the collision
is intense and the train speed is high, the running safety of the
train on the bridge may be seriously affected, and in the most seri-
ous case, the train may even derail from the track. The running
safety is assessed by several indices: the derailment factor, the off-
load factor and the lateral wheel–rail force, which will be defined
in detail in section 3.3.
There have been many studies focusing on the coupled vibra-
tion of the train–bridge system, and also its behavior under earth-
quake and wind loads [9–19]. However, up to now only a few
papers have been published on the vibration of the train–bridge
system induced by a collision load and its influence on the running
safety of the train [20–22].
In a previous paper of the authors [22], a dynamic analysis
model was established for the coupled train–bridge system
subjected to a collision load. The dynamic responses of a
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Fig. 1. Statistics of 502 bridge collapses in 66 countries.
24 C.Y. Xia et al. / Computers and Structures 140 (2014) 23–387  32 m simply-supported railway bridge crossed by the high-
speed China-Star train were analyzed when the bridge was
subjected to ice-floe collision loads. Running safety indices of the
high-speed train on the bridge were preliminarily evaluated.
For a bridge, the collision load considered in the design may be
a vessel, an ice-floe, a vehicle or a train, and sometimes more than
one of them. Since various collision loads have different properties,
the dynamic responses of the bridge and their effects on the run-
ning safety of high-speed trains might be different. Moreover, a
same collision load may exert different effects on the running
safety of different types of trains on the bridge, which was already
noticed during the dynamic analysis of high-speed railway bridges
in China, when several types of trains were considered. To better
study these differences, as a continuation of the authors’ previous
paper [22], this paper presents a more extensive and systematic
study of the train–bridge system subjected to different collision
loads. A continuous bridge with (32 + 48 + 32) m box girders is
considered as an illustrating case study. This bridge located in
the cold region of China may suffer an ice-floe collision in winter
and as well a vessel collision in summer, so both the two loads
were considered in the design. Response histories of an ICE-3
high-speed train running over the bridge subjected to three typesFig. 2. Dynamic analysis model of train–bridof collision loads are simulated. The displacement and acceleration
responses of the bridge at pier-top and mid-span, and the running
safety indices, such as the derailment factors, offload factors and
lateral wheel/rail forces, of the train on the bridge are analyzed.
A systematic parameter analysis is performed to study the influ-
ences of the type and running speed of the train, and the type
and intensity of the collision load on the running safety indices.
Based on these results, an assessment procedure for the running
safety of high-speed trains on bridges subjected to collision loads
is proposed, and related threshold curves for train speed versus
collision intensity are defined.
2. Analysis model
The dynamic analysis model is established by adding the colli-
sion load applied on the bridge pier as an external excitation to the
train–bridge coupled system model [19,23], as shown in Fig. 2.
In the model, the bridge is simulated by a finite element model,
the train vehicles by multi rigid-bodies with elastic connections,
and the wheel–rail relationship is assumed as close contact, with-
out detach during the movement of the wheel on the rail. In the
analysis, it is assumed that there is no relative displacement
between the track and bridge deck, and the elastic effect of the
track system is also neglected. The track irregularities are taken
as system input that determine the relative displacement between
wheel-sets and rails.
The equations of motion for the train–bridge system subjected
to a collision load can be expressed as:
Mvv 0
0 Mbb
  €Xv
€Xb
( )
þ Cvv Cvb
Cbv Cbb
  _Xv
_Xb
( )
þ Kvv Kvb
Kbv Kbb
 
Xv
Xb
 
¼ Fvb
Fbv
 
þ 0
Fc
 
ð1Þ
where M, C and K are mass, damping and stiffness matrices of the
train–bridge system, X, _X and €X are displacement, velocity and
acceleration vectors, respectively; Fvb and Fbv are interaction forces
between vehicle and bridge, and the subscripts v and b represent
vehicle and bridge, respectively. The components of these matricesge system subjected to a collision load.
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Fig. 4. Cross sections of the (32 + 48 + 32) m continuous bridge (unit: cm): (a) mid-
spans and (b) strengthened segments.
C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38 25and vectors can be found in [19,23]. Fc is the generalized vector of
the collision load applied on the bridge, which can be expressed
as following when Nb vibration modes are considered in the
analysis:
Fc ¼ ½fc1ðtÞ; fc2ðtÞ; . . . fcnðtÞ; . . . fcNb ðtÞT ð2Þ
where fcn is the generalized collision load corresponding to the nth
mode of the bridge. Assuming the collision load is applied on the
bridge pier in horizontal direction, it can be expressed as:
fcn ¼
XN
k¼1
/nhðkÞFkðtÞ ð3Þ
where /nhðkÞ is the value of the nth mode shape in horizontal direc-
tion at the kth node; N is the total number of bridge nodes; Fk(t) is
the time history of the collision load on the bridge, which is only
different from zero at the pier nodes affected by the collision.
It should be noticed that a sufficiently large collision load will
damage the structure. In this case, the structural properties of
the bridge will be affected and the plastic deformations produced,
and so the nonlinearity of the stiffness matrices K in Eq. (1) should
be taken into consideration.
When the train runs on the bridge, the positions of the interact-
ing forces between the bridge and the train vehicles are always
changing, which makes Eq. (1) become a system of second-order
linear non-homogeneous differential equations with time-varying
coefficients. In this study, these equations are solved using the
Newmark implicit step-by-step integration algorithm with b = 1/4.3. Dynamic analysis of a train–bridge system subjected to
collision loads
3.1. Bridge description and calculation parameters
The study concerns a double-track bridge situated on the Her-
bin-Dalian high-speed railway in Northeast China. The bridge is
composed of (32 + 48 + 32) m continuous PC (prestressed concrete)
girders with box sections. A 32 m double-track simply-supported
girder is added at each end of the continuous spans, as shown in
Fig. 3.
The cross section and the main dimensions of the girder are
shown in Fig. 4. The widths of top slab and bottom plate are
13.4 m and 5.74 m respectively, and the depth of the girder is
3.0 m for the whole span length, while at the strengthened seg-
ments of 500 cm long (250 cm each side from the bearing center)
above the piers 2 and 3, the upper slab, bottom plate and the webs
are thickened. The secondary phase dead-load applied on the
bridge model is 18.5 t/m.
The substructure of the bridge includes the concrete solid piers
with round-ended sections and the concrete pile foundations. The
twomiddle piers are 19.45 m high and two side piers 10.0 m. In the
finite element model, the piers are modeled with beam elements
and the support stiffnesses of pile foundations are considered, as
listed in Table 1, in which Rx, Ry and Rz are translational stiffnessesPier 1 Pier 2
32m 32m 48m
Fc
S1 S2 S3
Fig. 3. Configuration of the (32 + 48 + 32) m coin longitudinal, transverse and vertical directions, and Mx and My
are rotational stiffnesses around the longitudinal and transverse
axes of the bridge, provided by the designer.
For the (32 + 48 + 32) m continuous spans, mounted on the Pier
2 are fixed pot neoprene bearings, while the rest are sliding ones.
In the analysis, the bearings are modeled according to the design.
For the sliding bearing, the translational displacement in the longi-
tudinal axis x and the rotational angle about transverse axis y of
the girder end are free, while the other 2 translational displace-
ments and 2 rotational angles are modeled as slave DOFs of the
master DOFs at the pier-top. For the fixed bearing, the rotational
angle about the transverse axis y of the girder end is free, while
the other 3 translational displacements and 2 rotational angles
are connected through master-and-slave relations to the pier-top.
The high-speed train ICE-3, which was used in China for the
dynamic analysis of high-speed railway bridges [24], is adopted.
The train is composed of (3 M + 1T)  3 cars, with M representing
the motor-car and T the trailer-car, respectively. The average axle
loads are 156.96 kN for the motor-car and 143.23 kN for the trai-
ler-car. Other parameters can be found in [19]. Fig. 5 illustrates
the first three cars of the train with the main interval parameters
(in cm).
On top of the bridge is the CRTS II ballastless slab track, which
consists of steel rails, fasteners, PC track slabs, CA (cement asphalt)
mortar adjustment layer, continuous RC base plate, sliding layer
that isolates the base plate from the girder, and side stoppers, as
shown in Fig. 6. The track slabs are longitudinally connected to
form a continuous structure. The track vertical, lateral and rota-
tional irregularities are taken into consideration by using the data
measured in November 2002 from the Qinhuangdao–Shenyang
High-speed Railway in China [19,23].
By a finite element modal analysis, the natural vibration charac-
teristics including frequencies and mode shapes of the bridge are
obtained. Shown in Table 2 are the first 10 modes with their fre-
quencies and mode shape characteristics.
Three representative time histories of collision loads are consid-
ered corresponding to ice-I load, ice-II load and vessel load, as
shown in Fig. 6.
It can be found that the time progresses are complicated during
the impact:Pier 3 Pier 4
32m 32m
V
S4 S5
ntinuous bridge with two 32 m side spans.
Table 1
Foundation stiffnesses of bridge piers.
Pier Section area/m2 Rz/(MN/m) Rx/(MN/m) My/(MN m/rad) Ry/(MN/m) Mx/(MNm/rad)
Middle piers Fixed bearing 7.75  4.45 13328.5 1681.59 189,480 1681.59 189,480
Sliding bearing 7.75  4.45 13906.7 1683.91 197,110 1683.91 197,110
Side piers 7.0  3.2 7725.1 892.11 45,567 882.91 83,424
Fig. 5. Composition and main dimensions of the considered ICE-3 train.
Rail
Fastener
PC slab
RC base
CA layer Sliding layer
Side stopper
Girder
Protection wall
Fig. 6. Cross section of the CRTS II ballastless slab track.
Table 2
Dynamic properties of the continuous bridge on high-speed railway.
Order of
mode
Frequency/
Hz
Descriptions of vibration modes
1 3.351 Vertical symmetric bending
2 4.122 Lateral symmetric bending
3 4.994 Longitudinal bending with antisymmetric
vertical bending
4 5.714 Longitudinal bending with antisymmetric
vertical bending
5 6.347 Longitudinal bending with symmetric vertical
bending
6 6.711 Lateral antisymmetric bending
7 7.785 Vertical antisymmetric bending
8 8.426 Vertical symmetric bending
9 9.231 Lateral symmetric bending
10 10.688 Vertical antisymmetric bending
26 C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38For the ice-I load, it refers to the ice-floe collision load measured
in the experiment on the Jiamusi Songhuajiang Bridge site in April
2009 [25]. It consists of six pulses acting repeatedly with an aver-
age width of 0.5 s and a total duration of 4 s.
The ice-II load was the ice-floe collision load measured in the
experiment on the Tonghe Songhuajiang Bridge site in April 2010
[25]. It corresponds to a single pulse with a narrow pulse width
of 0.06 s.
The vessel load is taken from reference [26] and represents the
collision history by a ship, which is a wide continuous pulse with
the total duration of 1.8 s.
In the analysis, the collision intensities (herein representing the
maximum forces) of the three loads are normalized as 10 MN to
compare the influence of different load histories, as shown in
Fig. 7. As the three collision loads have different time evolutions
the dynamic responses of the bridge and the train will be different.
The ICE-3 train travelling on the bridge is simulated with and
without collision. In the case with collision, the time history of
the load is applied at level 10.2 m above the pile cap of the pier
P2, in the horizontal flow direction, as shown in Fig. 3. To bettercompare the results for different train speeds and different colli-
sion cases, each load is applied at the time when the train arrives
at Pier 1, which ensures that some of the 12 cars of the train run
on the first two continuous spans during the acting period of the
collision load, in order to get the maximum vehicle responses.
The damping ratio of bridge is 0.02 and the integration time step
is 0.0005 s.
3.2. Dynamic response of the bridge
In Figs. 8 and 9 the lateral displacement histories at the top of
Pier 2 and at the mid-span (48 m middle span S4) of the bridge
are shown without collision and under three collision loads, when
the ICE-3 train travels on the bridge at V = 200 km/h.
From the figures the effect of the collision is obvious:
(1) In the case without collision, the lateral displacements of
the bridge are induced by the running train, therefore the
time history curves are steady with very small amplitudes,
0.063 mm for the pier-top and 0.066 mm for the mid-span.
While under the collisions of ice-I load, ice-II load and ves-
sel load, the displacements are significantly amplified. The
maximum displacements are 1.43 mm, 0.373 mm and
1.24 mm for the pier-top, and 1.31 mm, 0.419 mm and
1.09 mm for the mid-span, respectively.
(2) Loading rate and time duration of the collision loads have
an obvious influence on the bridge displacements. For the
ice-II load with the shortest pulse (0.06 s, much shorter
than the first lateral period of the bridge), it induces the
most obvious impact effect in the displacement histories,
but the maximum peak value is relatively small. While
for the ice-I and vessel loads with longer pulse widths
(4 s and 1.8 s, respectively, both longer than the first lateral
period of the bridge), the displacements at pier-top and
mid-span are more than two times bigger than the ones
induced by the ice-II load. This indicates that the load with
longer duration time has a higher collision effect on the
bridge displacement.
(3) In the case with collision loads, the lateral displacement
curves at the pier-top and mid-span of the bridge show
clear impact characteristics. Owing to the damping action
of the concrete pier and the girder, the vibrations attenuate
fast, and the displacement curves return very soon to their
steady state similar to the case without collision.
Shown in Figs. 10 and 11 are, respectively, the lateral accelera-
tion histories at the top of Pier 2 and the mid-span (48 m middle
span) of the bridge without collision and under the three collision
loads, when the ICE-3 train traverses the bridge at V = 200 km/h.
It can be observed from Figs. 9 and 10 that:
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Fig. 7. Time histories of collision loads: (a) ice-I load, (b) ice-II load and (c) vessel load.
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eral accelerations are rather steady, with very small ampli-
tudes of 23.0 cm/s2 for the pier-top and 20.3 cm/s2 for the
mid-span. While under the collisions of ice-I load, ice-II
load and vessel load, the accelerations are greatly ampli-
fied, with the maximum values 127 cm/s2, 162 cm/s2 and
73.5 cm/s2 for the pier-top, and 135 cm/s2, 100 cm/s2 and
85.2 cm/s2 for the mid-span, respectively.
(2) Owing to the damping action of the concrete pier and the
girder, the accelerations attenuate fast, and the accelera-
tion curves return very soon to their steady state similar
to the case without collision.
The frequency contents of the bridge responses are shown in
Figs. 8–11 and analyzed.
In the case without collision load, the bridge is only excited by
the train. For the lateral displacement responses, the dominant fre-
quency components concentrate at 2.3, 4.52 Hz (close to 4.12 Hz,
the first lateral bending frequency of the bridge) and 6.71 Hz
(exactly the second lateral bending frequency). These dominant
frequency components are in the range of the natural frequencies,
0.139–7.394 Hz, of the ICE-3 train vehicle. The spectra for the pier
and the girder mid-span are similar, except that the peak of
6.71 Hz disappeared in the girder spectrum, as it corresponds to
an antisymmetric mode for the girder.
In the case with a collision, during the collision, a forced vibra-
tion occurs simultaneously induced by the train and collision loads.
The three types of collision forces are pulse loads with relatively
short duration, so the acting time on the bridge is shorter than that
of the train. During the collision, they excite much larger vibrations
than the train, but owing to the damping, the transient vibration
response excited by the collision attenuates very fast after thecollision. When the collision finishes, it becomes a mixed response
composed of the train-induced forced vibration and the free vibra-
tion after collision. Therefore, the frequency spectra for vibrations
of the bridge simultaneously subjected to train and collision loads
are rather complex. Under the Ice-I load with several pulses, the
dominant frequency of bridge displacement is 1.46 Hz, which is
mainly the loading frequency (Fig. 7a). Under the Ice-II load with
shortest pulse and wide frequency band (Fig. 7b), the dominant
frequency components of bridge displacement are 3.05 Hz (close
to 3.35 Hz, the first vertical bending frequency of the bridge) and
6.96 Hz (close to 6.71 Hz, the second lateral bending frequency).
This is because the train travels on one track of the bridge with
double tracks, which induces a coupled lateral-vertical vibration
when the bridge is acted on by a lateral collision). Under the vessel
load with a wider continuous pulse, the vibration frequency spec-
trum shows clearly the quasi-static component, which is mainly
due to the quasi-static component of the load (Fig. 7c).
For the lateral acceleration responses of the bridge, the fre-
quency spectra are more complex. In the case without collision
load, the dominant frequencies appear at 2.3, 4.5 and 6.7 Hz for
the pier, but again only 2.3 and 4.5 Hz for the girder. Under the col-
lision loads, in addition to the dominant frequencies apparent in
the displacement spectra, there appear many peaks at higher fre-
quencies, such as 9.52 Hz for the Ice-I load, 10.1 Hz for the Ice-II
load, and 8.91 Hz for the vessel load, which are close to 9.23 Hz,
the third lateral bending frequency of the bridge. Different to the
spectra of the displacements, there is no quasi-static component
in any of the acceleration spectra.
To further compare the influence of different collision loads, the
maximum lateral displacements and accelerations of the bridge
under ice-I load, ice-II load and vessel load with the collision inten-
sities of 5 MN are shown in Fig. 12.
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Fig. 8. Lateral displacements and spectra at the top of Pier 2 under V = 200 km/h: (a) no collision, (b) collision of ice-I load, (c) collision of ice-II load and (d) collision of vessel
load.
28 C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38It can be observed from the figures that:
(1) For the collision loads with the same intensity the maxi-
mum displacement of a structure mainly depends on the
duration lengths of the loads. From Fig. 12 it is seen that
the lateral displacements of the bridge induced by the
ice-II load with the shortest duration is the smallest, while
the displacements induced by the ice-I load with the lon-
gest duration and repeated impacts are bigger than those
by the other two collision loads.
(2) The accelerations of the bridge are mainly influenced by the
loading rate of the collision loads. For the three collision
loads with the same intensity, the ice-II load with the
shortest pulse width (0.06 s) produces the biggest
pier-top acceleration and shows the most obvious impact
effect. The ice-I load has an obvious peak at its first pulse,
which induces a slightly smaller pier-top acceleration than
that by the ice-II load. On the other hand, the ice-I load
reveals the biggest mid-span acceleration. The accelera-
tions caused by the vessel load have a relatively steadycourse, experience a relatively long time to reach their
peak, which weakens the impact effect, and are relatively
the smallest accelerations.
3.3. Dynamic responses of the train
The evaluation indices for the running safety of the train cur-
rently adopted in the high-speed railways in China include [19]:
the derailment factor Q/P1 (defined as the ratio of the lateral
wheel–rail force Q to the vertical force P1 of the wheel at the
climbing-up-rail side), the offload factor DP=P (defined as the
ratio of the offload vertical wheel–rail force DP to the average
vertical wheel–rail force P of the two wheels on a wheel-set)
and the lateral wheel–rail force Q. The expressions and allowable
values of these indices given in the Chinese codes are as follows
[27]:
Derailment factor : Q=P1 6 0:8
Offload factor : DP=P 6 0:6
Wheel=rail force : Q 6 0:85ð10þ Pst=3Þ
ð4Þ
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Fig. 9. Lateral mid-span displacements and spectra of the 48 m span under V = 200 km/h: (a) no collision, (b) collision of ice-I load, (c) collision of ice-II load and (d) collision
of vessel load.
C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38 29where Pst denotes the static wheel-set load in kN. The allowable lat-
eral wheel–rail forces for the motor-car and trailer-car of the ICE-3
high-speed train are 52.97 and 49.08 kN, corresponding to their sta-
tic loads of 156.96 and 143.22 kN, respectively.
Shown in Figs. 13–15 are, respectively, the derailment factors,
offload factors and lateral wheel/rail forces of the first car, when
the ICE-3 train travels on the bridge at V = 200 km/h, without col-
lision and under three collision loads.
It can be seen from the figures that the running safety indices of
the train are strongly affected by the collision loads. The maximum
running safety indices without collision load and under the three
collision loads are shown in Table 3 for comparison.
It can be summarized from Figs. 13–15 and Table 3 that:
(1) There appear strong shock waveforms in the time history
curves of the derailment factor, offload factor and lateral
wheel/rail force when the collision load is applied on the
bridge, but the duration lengths are shorter than those
observed in the bridge responses. For these collision loads,the impact effect induced by the ice-II load is the most
intense, indicating that the running safety indices are more
influenced by a collision load with a short pulse.
(2) Under the collision loads, the maximum values for the run-
ning safety indices are greatly amplified: the derailment fac-
tors increase from 0.292 to 0.381–0.424 by 30.5–45.2%, the
offload factors increase from 0.196 to 0.293–0.461 by
49.5–135.2%, and the lateral wheel/rail forces increase from
20.535 to 26.393–37.43 by 28.5–82.3%, respectively.
(3) When the bridge is excited by any of the three collision loads
with maximum impact force 10 MN, the derailment factor,
offload factor and lateral wheel/rail force of the train
running at V = 200 km/h are within the corresponding safety
allowances in the Chinese code.4. Influence of collision on running safety of high-speed train
The running safety of high-speed trains on railway bridges
subjected to collision is an issue of concern in railway engineering.
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Fig. 10. Lateral accelerations and spectra at the top of Pier 2 under V = 200 km/h: (a) no collision, (b) collision of ice-I load, (c) collision of ice-II load and (d) collision of vessel
load.
30 C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38In this section, with the same bridge and track irregularity param-
eters given in Section 3.1, the effect of collision on the running
safety of train is investigated by considering different train speeds,
collision force intensities and train types. The maximum values of
running safety indices, which are taken from the corresponding
time histories of all wheel-sets during passage of the train on the
bridge, are used for comparison and are evaluated according to
the safety evaluation indices given by Eq. (4).
4.1. Influence of train speed
While keeping the parameters of the bridge and the ICE-3 train
unchanged, the train speed is varied from 200 km/h to 320 km/h.
The collision intensities are normalized as 5 MN. The curves of
maximum derailment factors, offload factors and lateral wheel/rail
forces versus train speed are shown in Fig. 16, in which the curves
related to the ‘‘no collision’’ case have been also included. The hor-
izontal dashed lines represent the related allowance values given
in Eq. (4).From Fig. 16 the increasing tendency of the train running safety
indices with the train speed is obvious. Generally, the higher the
train speed, the bigger the running safety indices. When
V = 320 km/h, the derailment factor under ice-I load exceeds the
allowable value, and when V = 350 km/h, the offload factors and
lateral wheel/rail forces of trailer-car under all collision loads
exceed their related allowances.
4.2. Influence of collision load intensity
Using the parameters of the bridge and the ICE-3 train, and
keeping the shape and duration lengths of the loads unchanged,
the influence of collision intensity on the running safety indices
is analyzed, by changing the collision intensities from 0 MN to
20 MN. The train speed is 200 km/h. The distribution curves of
maximum derailment factors, offload factors and lateral wheel/rail
forces versus collision intensities of the three collision loads are
shown in Fig. 17. In this figure, the horizontal dashed lines repre-
sent the related allowance values.
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Fig. 11. Lateral mid-span accelerations and spectra of the 48 m span under V = 200 km/h: (a) no collision, (b) collision of ice-I load, (c) collision of ice-II load and (d) collision
of vessel load.
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Fig. 12. Comparisons of maximum responses of the bridge at pier-top (white) and mid-span (shadowed) under different collision loads (V = 200 km/h): (a) displacements (b)
accelerations.
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Fig. 13. Derailment factor histories of the first car under V = 200 km/h: (a) no collision, (b) collision of ice-I load, (c) collision of ice-II load and (d) collision of vessel load.
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Fig. 14. Offload factor histories of the first car under V = 200 km/h: (a) no collision, (b) collision of ice-I load, (c) collision of ice-II load and (d) collision of vessel load.
32 C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38Referring to these figures, the effect of collision intensity on the
running safety of the train can be summarized as follows:
(1) For the three collisions, the increase of the vehicle running
safety indices with the collision intensity is obvious. Gener-
ally, the higher the collision intensity, the bigger the running
safety indices, especially when the collision intensity is
greater than 5 MN (for the derailment factor, offload factor
and lateral wheel/rail force of motor-car) or 10 MN (for the
lateral wheel/rail force of trailer-car).
(2) For the three collision loads, the influence on the running
safety of the train by the ice-II load with the shortest dura-
tion is the most obvious. The ice-I load has a minor influence
and the vessel load the smallest.
(3) When the collision intensity of the ice-II load exceeds
15 MN, the offload factor and lateral wheel/rail force of trai-
ler-car exceed the related allowances. For the ice-I load andthe vessel load, when the collision intensity is smaller than
20 MN, the running safety of train can be ensured.
4.3. Influence of train types
Three types of high-speed trains, Germany ICE-3, Japan E-500
and China CRH-2 with the same composition of 4  (3 motor-
car + 1 trailer-car), are considered to analyze the influence of train
types on the running safety indices of train vehicles. The ice-I load
is adopted with the collision intensities from 0 MN to 20 MN, and
the train speed is 200 km/h.
For understanding the train–bridge interaction, it is useful to
calculate the eigenfrequencies and eigenmodes of the vehicles.
Table 4 summarizes the eigenfrequencies and describes the corre-
sponding mode shapes of the vehicle. One can find that the three
trains have quite different frequencies for all the modes.
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Fig. 15. Lateral wheel/rail force histories of the first car under V = 200 km/h: (a) no collision, (b) collision of ice-I load, (c) collision of ice-II load and (d) collision of vessel load.
Table 3
Maximum running safety indices of ICE-3 train on the bridge subjected to collision load (V = 200 km/h).
Running safety index Without collision With collision
Ice-I load Ice-II load Vessel load
Derailment factor Q/P 0.292 0.381 0.424 0.422
Offload factor DP/P 0.196 0.306 0.461 0.293
Lateral wheel/rail force/kN 20.535 26.393 37.430 28.110
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Fig. 16. Running safety indices versus train speed when the bridge is subjected to ice-I load (d), ice-II load (4), vessel load (), and no collision (h): (a) derailment factor, (b)
offload factor, (c) lateral wheel/rail force of motor-car and (d) lateral wheel/rail force of trailer-car.
C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38 33The running safety indices for the trains are calculated by Eq.
(4): for all train types the allowance values for the derailment
and the offload factor are, respectively, 0.8 and 0.6. Owing to
the different axle loads of the considered trains, the allowancevalues for the lateral wheel/rail forces are separately given in
Table 5.
Shown in Fig. 18 are the curves of the running safety indices for
different trains versus collision intensity, in which the dashed,
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Fig. 17. Distributions of running safety indices versus collision intensity when the bridge is subjected to ice-I load (d), ice-II load (4) and vessel load () under V = 200 km/h:
(a) derailment factor, (b) offload factor, (c) lateral wheel/rail force of motor-car and (d) lateral wheel/rail force of trailer-car.
34 C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38dotted and solid horizontal lines represent, respectively, the
related allowable values for the ICE-3, E-500 and CRH-2 trains.
Referring to these figures, the influence of train types on the
running safety indices can be summarized as follows:
(1) The running safety indices of different trains all increase
with the collision intensity, especially for collision forces
bigger than 5 MN.
(2) The influence of collision on the E-500 train is the biggest,
second is the CRH-2 train, while the influence on the ICE-3
is the smallest. For the derailment factors, offload factors
and lateral W/R forces, the E-500 train exceeds the related
allowances when the collision intensity reaches 12.5 MN,
and so does the CRH-2 train when the collision intensity
reaches 15 MN.
5. An assessment procedure for safety of high-speed train
running on bridge subjected to collision load
The previous analyses show that the running safety indices of
the train are influenced by the types and intensities of the collision
loads, and also the types and the speeds of the trains. To ensure the
running safety of trains on bridges subjected to collision loads, aTable 4
Computed modal parameters of the train vehicles.
Mode description
Vertical movement of car-body
Pitching movement of car-body
Yawing movement of car-body
Lateral-and-rolling movement of car-body, lateral and rolling swings in phase
Lateral-and-rolling movement of car-body, lateral and rolling swings out of phase
Lateral movement of bogie
Vertical movement of bogiefurther simulation is performed to find out an assessment method
and the corresponding thresholds.5.1. Analysis method
Collision intensity and train speed are the two main factors
affecting the running safety of train. The threshold speed of trains
can be determined according to the safety evaluation indices given
by Eq. (4) in the following way:
(1) Keeping the collision intensity as a constant at each stage,
the dynamic responses of the train are calculated by changing
the train speed from 100 km/h to 360 km/h with an increment of
20 km/h. The running safety indices (derailment factors, offload
factors and lateral wheel/rail forces) are calculated, and compared
with the related allowances by Eq. (4). If any of these allowances is
exceeded, the previous lower train speed is considered as the crit-
ical train speed for the corresponding collision intensity.
For example, as shown in Fig. 19, corresponding to the ice-I load
with the intensity of 20 MN, the derailment factor of the train
under V = 200 km/h is 0.724, which meets the allowance value of
0.8 (the dashed line in the figure). While under V = 220 km/h, the
derailment factor increases to 1.119, which exceeds the allowance.
At this time, no matter whether the offload factor and the lateralFrequency (Hz)
ICE-3 E-500 CRH-2
Motor-car Trailer-car Motor-car Trailer-car Motor-car Trailer-car
0.588 0.527 0.691 0.730 0.652 0.699
0.656 0.568 0.966 0.772 0.937 0.681
0.561 0.601 1.126 0.751 0.703 0.704
0.195 0.139 0.437 0.369 0.321 0.381
0.572 0.641 0.687 0.872 0.805 0.891
6.961 7.394 12.765 12.467 10.667 11.834
4.396 4.203 4.398 5.621 4.371 4.848
Table 5
Allowable values of lateral wheel/rail forces.
Type of train Car
type
Static axle load
Pst/kN
Allowable lateral W/R
force/kN
Germany ICE-3
EMU
Motor 156.96 52.972
Trailer 143.23 49.082
Japan E-500 EMU Motor 127.53 44.634
Trailer 134.89 46.718
China CRH-2
ENU
Motor 132.44 46.025
Trailer 117.72 41.854
C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38 35wheel/rail force exceeds the related allowance values or not,
V = 200 km/h is regarded as the critical train speed corresponding
to the collision intensity of 20 MN.
(2) Then the collision intensity is changed from 0 MN (no colli-
sion excitation) with an increment of 2.5 MN. For each collision
intensity, the dynamic responses of the train vehicles are calcu-
lated at different train speeds. In this way, the critical train speeds
related to all collision intensities considered are acquired.
Herein, the analysis is limited to the case where the bridge pro-
duces strong vibration but not damage when it is subjected to col-
lision. Therefore, the collision intensity is limited to 40 MN for this
bridge, to ensure the structure working in the elastic stage.
5.2. Threshold curves for running safety of ICE-3 train on the bridge
subjected to collision
The procedure to determinate the threshold curves for train
running safety is illustrated by using the continuous bridge, the
ICE-3 train and the ice-I collision load as an example. The maxi-
mum values of the running safety indices of the train travelling
at different speeds on the bridge subjected to the collision load
with different intensities are calculated. The results for the derail-
ment factors are listed in Table 6.
It can be noticed that for each collision intensity, the maximum
derailment factor increases with the train speed in general, and it
will exceed the allowance of 0.8 when the train speed reaches a
certain value. The train speed at the previous lower level is
regarded as the critical train speed corresponding to this collision(a)
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Fig. 18. Distributions of running safety indices versus collision intensity of ICE-3 (N), E-5
(a) derailment factor, (b) offload factor, (c) lateral wheel/rail force of motor-car and (d)intensity. Similar tables can be obtained for the offload factors
and the lateral wheel/rail forces.
By plotting the calculated results in a coordinate system, with
the abscissa representing the collision intensity and the ordinate
the train speed, a group of relationship curves between the critical
train speed and the collision intensity can be obtained, as shown in
Fig. 20. The curves define the boundary of safety areas for the high-
speed train on the bridge subjected to collision with various inten-
sities, corresponding to the derailment factors, offload factor, and
lateral W/R forces of motor-car and trailer-car, respectively.
Furthermore, the lowest critical train speeds for different colli-
sion intensities are connected, forming an internal envelope curve,
as the thick line shown in Fig. 20. This internal envelope curve
divides the whole area into two parts. In the lower left area, all
the running safety indices meet the related allowances of Eq. (4),
indicating that the running safety of the train is ensured, while
in the upper right area, at least one of the indices exceeds the
related allowance, indicating that the running safety of the train
is not guaranteed.
From the figure it can be observed that: (1) The greater the col-
lision intensity, the lower the allowable train speed for running
safety. In the case without collision load, all indices meet the
related allowances for the train speed up to 320 km/h. With the
increase of collision intensity, the train should gradually lower its
speed to ensure the running safety. When the collision intensity
reaches 35 MN, the train can only run safely at 100 km/h.
(2) The higher the train speed, the smaller the collision intensity
that the train–bridge system can sustain. At V = 200 km/h, the train
can run safely for a collision intensity up to 20 MN; at V = 250 km/h,
the allowable collision intensity is lowered to smaller than 15 MN;
while at V = 300 km/h, only 5 MN collision intensity is allowed to
ensure the running safety of the train.5.3. Comparison of running safety thresholds for different collision
loads
Some bridges may suffer different types of collision loads. For
example, for a bridge across a river that freezes in winter whileb)
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00 (s) and CRH-2 () when the bridge is subjected to ice-I load under V = 200 km/h:
lateral wheel/rail force of trailer-car.
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Fig. 19. Determination of the critical train speed for running safety of the train corresponding to a collision intensity 20 MN: (a) V = 200 km/h and (b) V = 220 km/h.
Table 6
The maximum derailment factors with different train speeds and collision intensities.
Train speed/(km/h) Collision force/MN
0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30 32.5 35 37.5
100 0.116 0.116 0.121 0.148 0.176 0.222 0.269 0.318 0.369 0.422 0.478 0.536 0.596 0.659 0.726 0.869
120 0.140 0.144 0.152 0.16 0.18 0.211 0.243 0.277 0.313 0.349 0.387 0.427 0.467 0.517 0.569
140 0.166 0.166 0.172 0.223 0.295 0.372 0.453 0.541 0.634 0.734 0.841 0.956 1.079 1.213 1.357
160 0.208 0.210 0.211 0.216 0.270 0.327 0.387 0.450 0.517 0.589
180 0.242 0.250 0.258 0.331 0.407 0.486 0.570 0.657 0.748 0.856
200 0.292 0.314 0.336 0.358 0.381 0.439 0.527 0.620 0.724
220 0.330 0.315 0.353 0.449 0.560 0.681 0.813 0.959 1.119
240 0.398 0.407 0.454 0.501 0.550 0.600
260 0.460 0.504 0.550 0.597 0.647 0.698
280 0.532 0.532 0.532 0.553 0.618 0.686
300 0.640 0.641 0.655 0.688 0.745 0.852
320 0.764 0.793 0.904 0.904 1.023
340 0.895 0.895
36 C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38is open to navigation in summer, it may be collided by a vessel in
Summer as well as by ice-floes in early Spring. Considering this
case, the running safety threshold curves for the ice-II load and
vessel load are also obtained in a similar way, and the three curves
are plotted in a same figure, as shown in Fig. 21.
Because the different collisions do not happen at the same time,
a comprehensive threshold curve for running safety of the ICE-3
train is acquired, which is the internal envelop curve that connects
the lowest critical train speed values of each of the three collision
loads, as the thick line shown in the figure.
From all three collision loads, the ice-II load has the biggest
influence on the running safety of the ICE-3 train. For example,
for the vessel load of 15MN, the safety train speed is V = 320 km/h,
for the ice-I load, it is lowered to 200 km/h, while for the ice-II load,
the train can only run safely at 180 km/h. Thus, the safety area
boundary is decided mainly by the ice-II load.Safety area
100
150
200
250
300
350
400
0 5 10 15 20 25 30 35 40
Collision intensity /MN
Tr
ai
n 
sp
ee
d 
/(k
m
/h
)
Fig. 20. Threshold curves of train speed versus impact intensity for derailment
factor (s), offload factor (), lateral W/R forces of motor-car (N) and trailer-car (d),
and comprehensive curve (thick solid line) of ICE-3 train considering ice-I collision
load.5.4. Comparison of running safety thresholds for different trains
Fig. 21 is the result for the ICE-3 train. A similar result can be
obtained for the other types of high-speed trains, E-500 and
CRH-2. Shown in Fig. 22 are the threshold curves for the E-500
and CRH-2 trains.
It is observed from Figs. 21 and 22 that obvious differences exist
between the threshold curves for different trains. Comparatively
for the three trains, the ice-II load has the biggest influence on
the running safety of the trains. This is especially true for the
ICE-3 and E-500 trains, where the threshold curves are completely
determined by the ice-II load.
The comprehensive threshold curves for the three trains (the
internal envelop curves in Figs. 21 and 22) are resumed in Fig. 23.
Referring to the figure, the influence of train types on the run-
ning safety of trains can be summarized as follows:Safety area
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Fig. 21. Threshold curves of train speed versus impact intensity induced by ice-I
load (), ice-II load (N), vessel load (s) and comprehensive curve (thick solid line)
for running safety of ICE-3 train.
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Fig. 22. Threshold curves of train speed versus impact intensity induced by ice-I load (), ice-II load (N), vessel load (s) and comprehensive curve (thick solid line) for running
safety of several trains: (a) E-500 and (b) CRH-2.
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Fig. 23. Comparison of the running safety threshold curves for different trains
(N ICE-3,  E-500, and s CRH-2).
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lower its speed to ensure the running safety. For example,
the safety train speed for E-500 is 300 km/h for the collision
intensity up to 5 MN, and it is 280 km/h for the collision
intensity 7.5 MN, while it can only run at a speed slower
than 200 km/h when the collision intensity is 10 MN.
(2) Considering all three collision loads, the running safety
threshold curves for the three trains show the same ten-
dency: E-500 is the most sensitive to collision, CRH-2 is
the second, and ICE-3 is the less sensitive. For example, the
E-500 can run safely at 300 km/h when no collision is
applied on the bridge. When the collision intensity reaches
to 20 MN, the safety train speed of E-500 is lowered to
100 km/h, while under the same intensity, CRH-2 can run
at 120 m/h and ICE-3 at 140 km/h. Only when the collision
intensities reach to 22.5 MN and 25 MN the safety running
speeds of CRH-2 and ICE-3 trains reduce to 100 km/h.
(3) From the above analysis and referring to Tables 4 and 5, one
can notice that in the three types of trains, E-500 has the
lightest axle load and the highest natural frequencies (espe-
cially those of the bogies), while ICE-3 the heaviest axle load
and the lowest natural frequencies. For a train vehicle,
higher frequency of the bogie usually means larger suspen-
sion stiffness between the bogie and the wheel-sets, so it
can be concluded that the running safety of the train with
smaller axle load and larger suspension stiffnesses is more
easily influenced when the bridge is collided.
6. Conclusions
The dynamic analysis of coupled train–bridge systems sub-
jected to collision loads is a rather complex problem, which is
related to the running speed of the train, the structural form andmass of the bridge, the impact velocity, the application position
and the direction of the collision load, and many other factors.
In this study, the dynamic behavior of the train–bridge system
subjected to different collision loads is established. By taking a
continuous bridge with (32 + 48 + 32) m box girders as a case
study, the dynamic responses of the bridge at pier-top and mid-
span of bridge, and the running safety indices of different high-
speed trains on the bridge subjected to three types of collision
loads are analyzed. Based on a systematic parameter analysis, an
assessment procedure for the running safety of high-speed trains
on a bridge subjected to potential collision load is proposed and
related threshold curves for train speed versus collision intensity
are defined.
The following conclusions can be drawn from the case study:
(1) A collision load has an obvious effect on the dynamic
responses of the bridge. The lateral displacement and accel-
eration responses of the bridge subjected to a collision are
much greater than the ones without collision. The lateral
displacement of the bridge is more influenced by a collision
load with a long pulse related to the natural period of the
bridge, while the acceleration is more influenced by a load
with a short pulse and a fast loading rate.
(2) Vibrations induced by collision have a great effect on the
dynamic responses of high-speed trains. The running safety
of the train is affected by both the type and intensity of the
collision load acting on the bridge, and the type and running
speed of the train. Strong collision may threaten the running
safety of high-speed trains. Generally, the greater the colli-
sion intensity and the higher the train speed, the bigger
the influence of collision on the running safety of the train.
The running safety of the train could be evaluated by the
threshold curve between train speed and collision intensity.
(3) For the high-speed train on the bridge, the running safety
indices are mainly influenced by the peak value and the
width of the pulse of the collision load. The pulse with short
duration time and fast loading rate has a bigger influence
than the pulse with long duration time and slow loading
rate.
(4) The sensitivities of the running safety indices to a collision
are dependent on train type. The running safety of the train
with lighter axle loads and larger suspension stiffness is
more easily affected when the bridge is collided.
(5) The proposed methodology may provide a reference for the
dynamic design of railway bridges.
In this study, only the case was considered where the bridge
produced strong vibration but not damage when it was subjected
to a collision. When the structure is damaged by collision, the
structure may produce plastic deformation, which may not only
38 C.Y. Xia et al. / Computers and Structures 140 (2014) 23–38change the structural properties of the bridge, but also seriously
influence the profile of the track on the bridge, inducing a direct
derailment risk of the train. This situation is much more compli-
cated, and will be considered in a future study.
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